In this pilot study, we used primary human acute myeloid leukemia (AML) cell genomes as templates for exonic PCR amplification, followed by high-throughput resequencing, analyzing Ϸ7 million base pairs of DNA from 140 AML samples and 48 controls. We identified six previously described, and seven previously undescribed sequence changes that may be relevant for AML pathogenesis. Because the sequencing templates were generated from primary AML cells, the technique favors the detection of mutations from the most dominant clones within the tumor cell mixture. This strategy represents a viable approach for the detection of potentially relevant, nonrandom mutations in primary human cancer cell genomes.
In this pilot study, we used primary human acute myeloid leukemia (AML) cell genomes as templates for exonic PCR amplification, followed by high-throughput resequencing, analyzing Ϸ7 million base pairs of DNA from 140 AML samples and 48 controls. We identified six previously described, and seven previously undescribed sequence changes that may be relevant for AML pathogenesis. Because the sequencing templates were generated from primary AML cells, the technique favors the detection of mutations from the most dominant clones within the tumor cell mixture. This strategy represents a viable approach for the detection of potentially relevant, nonrandom mutations in primary human cancer cell genomes.
B
ecause many of the mutations relevant for the pathogenesis of cancer and other diseases can only be detected at the level of DNA sequence, many groups are now initiating sequencebased approaches for mutational screens (1) . Reduced sequencing costs and improved high-throughput techniques have recently increased the plausibility of this approach. Many questions remain about the best ways to approach cancer genomics and it is clear that no single platform will detect all relevant mutations (2) . Although sequence-based mutational profiling is the gold standard for detecting small mutations, it has been unclear whether the mutator phenotype associated with many cancer cell genomes would make resequencing data difficult to interpret. Bardelli et al. (3) and others (reviewed in ref. 1) have recently performed mutational profiling of genes from cell lines derived from tumors, or from cancer cells passaged in immunodeficient mice. This approach is attractive because the supply of DNA from the cell lines is virtually limitless, and because the cell lines are clonal. However, many cancer cells [acute myeloid leukemia (AML) cells included] do not readily adapt to tissue culture conditions (and not all can be passaged in mice), making the approach impractical for routine clinical application. In addition, it is possible that adaptation to tissue culture may require additional mutations for the immortalization of cells; subclones of cells from within a tumor may also be selected during the transition to in vitro growth conditions or during passage in mice. For these reasons, it is preferable to detect genetic changes in primary cancer cells that have not been manipulated. This issue presents a major technical challenge because many tumors are contaminated by nonmalignant cells that are often difficult to remove, and because the number of tumor cells available for analysis is often quite small.
We have attempted to address these issues in this study by examining the genomes of the readily available tumor cells from patients with acute myeloid leukemia. Although the bone marrow of overtly leukemic patients often contains some contaminating normal cells, we have learned that these populations generally do not obscure our ability to detect acquired mutations. By examining the frequency of sequence changes in a large number of AML genomes versus control genomes, we have learned that this resequencing strategy does not detect large numbers of irrelevant passenger mutations that occur randomly in AML genomes. By optimizing PCR techniques, we have been able to reduce the amount of starting material required to create a suitable amplicon for resequencing to 5 ng of genomic DNA, which markedly increases our ability to resequence large numbers of genes from individual patient samples. These data therefore suggest that sequence-based mutational profiling of the genomes of primary cancer cells will be a viable strategy for discovering sequence changes that are relevant for the pathogenesis of cancer.
Materials and Methods
Patient Materials. Appropriate consent for tissue banking was obtained from each patient after the nature and consequences of the study were explained, either at Washington University, or at a participating Cancer and Leukemia Group B (CALGB) institution, by using Institutional Review Board-approved protocols for the studies performed. Patient characteristics are listed in Tables 1 and 2 , which are published as supporting information on the PNAS web site.
PCR and Sequencing. Gene sequences were extracted from the public draft human genome database, GenBank (www.ncbi. nlm.nih.gov) and used as reference sequences for assembly and primer construction. Exon boundaries were identified by LO-CUSLINK or by analyses of canonical domains of each gene. Primers were designed in CONSED (4) or by using EXON PRIMER (http:͞͞ihg.gsf.de͞ihg͞ExonPrimer.html) and were synthesized by Genosys (Sigma). Primers were designed to amplify the exon plus Ϸ100 base pairs of flanking intronic sequence. Sequences of all primers are available in Table 3 , which is published as supporting information on the PNAS web site. Five nanograms of genomic DNA was amplified by using AccuTaq (Sigma) and MJ Research (Cambridge, MA) PTC-225 thermal cyclers with the following two-cycle parameters: hot start, 96°C for 2 min 30 sec; and 96°C for 20 sec, 60°C for 15 min, for 35 cycles. Amplicons were sequenced with Big Dye version 3.1 chemistry and analyzed by using ABI 3730 capillary sequencers. Exons (97.9%) were successfully amplified and 72.4% of the alterations were assessed from paired reads of single amplicons. Sequence traces were assembled in CONSED and analyzed to identify genomic alterations by using the POLYPHRED (5) software package.
Results
Strategy for Mutational Profiling. We tested an exonic resequencing strategy for the mutational profiling of genomes derived from primary AML cells. This strategy was chosen over a cDNA sequencing approach because many loss-of-function mutations that create RNA instability or loss could be missed with this technique. PCR techniques were carefully optimized so that only 5 ng of tumor cell DNA was required to create an amplicon for resequencing. One-hundred and ten exons from 12 target genes were PCR-amplified from the genomic DNA of primary AML cells by using primers that lie Ϸ100 base pairs upstream and downstream from the exon borders. The same primers (and͞or additional primers from within the amplicon) were then used to sequence one or both strands by using robotic, high-throughput technologies. The sequence output was assembled in CONSED and screened for differences from the human National Center for Biotechnology Information reference sequence with POLY-PHRED. All potential changes were flagged and then verified by visual inspection, annotated for potential relevance, and assigned a priority score for further analysis. Priority 1 changes have the potential to change the function of a gene [e.g., changes that create amino acid substitutions (both nonconservative and conservative changes were included, because functional consequences are not always accurately predicted by this approach), stop codons, frameshifts, splicing abnormalities, etc.]. Priority 2 changes include all other differences from the reference sequence.
We selected a group of 46 previously banked primary AML samples for study (the pilot set). Thirty-one of the samples were derived from the bone marrow or peripheral blood of overtly leukemic patients with French-American-British subtype M2, and 15 patients had M3 AML (clinical characteristics of the samples are described in Table 1 ). The samples were originally frozen as cell pellets after red blood cell lysis, with no additional purification. Blast counts (or blast plus promyelocyte counts in the case of the M3 samples) ranged from 20% to 95%.
Defining the Sensitivity of the Resequencing Assay by Using the FLT3
Gene. Since acquired, activating mutations of the FLT3 receptor tyrosine kinase gene are currently the most commonly detected genetic changes in AML genomes [Ϸ25-35% of AML patients (6-13)], we amplified and sequenced FLT3 exons 2-24 to test the sensitivity and specificity of the resequencing protocol (Fig. 1A) . Priority 1 changes were found in exons 8, 14, and 20. The exon 8 change (D324N) was detected in one AML sample and had not previously been described. It occurs within one of the extracellular Ig domains of FLT3, and it may be relevant because the D residue at this position is conserved in c-KIT, a related tyrosine kinase receptor. Twelve samples had individually unique insertions within exon 14 (in some earlier papers, this exon was inaccurately numbered as 11) that represent internal tandem duplications of this region, which is the most common mutation previously detected in FLT3 (using PCR approaches). This mutation is almost certainly relevant for disease pathogenesis (14, 15) . Five samples contained a base substitution in exon 20 that creates a constitutively activated tyrosine kinase domain (either D835Y or D835E). One patient had both an internal tandem duplication (ITD) and D835Y. Therefore, 16 of 46 samples (35%) had known activating mutations of FLT3, which agrees well with the frequency of FLT3 mutations detected in other studies of AML (6) (7) (8) (9) (10) (11) (12) . Because germ-line DNA was not available for this set of AML samples, we resequenced the same 23 exons from DNA obtained from histologically normal, noncancerous tissue derived from 48 patients with solid tumors (none of which had AML; see Table 2 ). These patients were similar for gender and ethnicity, but were older than the AML patients (67 Ϯ 15 vs. 53 Ϯ 24 years, P ϭ 0.004). No priority 1 FLT3 sequence changes were detected in any control sample (Fig. 1 A) .
Because the leukemic cells within the AML samples used in this study were not enriched before banking, we wished to determine whether mutational detection was influenced by nonleukemic cells that could be contaminating the leukemic specimens. As noted above, five samples contained point mutations in FLT3 codon 835. The sequence traces identifying these mutations are shown in Fig. 2A , and the blast counts for each sample are indicated. For this study, we have assumed that each AML cell has one normal and one mutant allele, which predicts that a sample comprised of 100% clonal leukemia cells will have a 1:1 wild-type:mutant signal ratio for this FLT3 mutation. The intensity of the signal from the mutant allele is Ϸ75% that of wild type in the sample with 33% blasts (patient 2263), and Ϸ50% that of wild type in the sample with 40% blasts (patient 2405). These data suggest that a substantial number of nonleukemic cells were present in these samples; despite their presence, the mutations are clearly detected above the baseline of the sequence trace. The samples with 50%, 68%, and 72% blasts (patients 2403, 2303, and 2446) all demonstrated mutant signals that were virtually equivalent to that of wild type, which suggests that nearly all of the cells in the sample (regardless of morphology) were derived from the same clone and contained the heterozygous mutation. To test this idea, we performed serial dilutions of each of these AML samples with a different control sample containing two normal FLT3 alleles, and repeated the amplification and resequencing studies. A representative example is shown in Fig. 2B . Serial dilutions reduced the mutant signal proportional to the dilution factor in all cases. The mutant signal therefore directly reflects the proportion of cells that are part of the leukemic clone. Because the samples with 50%, 68%, and 72% blasts all had mutant:wild-type signals of 1:1, this finding suggests that the blast count provides a minimal estimate of the proportion of the sample that is part of the leukemic clone (16) . To further assess the sensitivity of the sequencing assay, we plotted the presence or absence of FLT3 mutations against blast counts (Fig. 2C, pilot samples) ; FLT3 mutations were detected in samples with blast counts of 33-95%.
To extend the data generated with the first set of samples, we analyzed a set of 94 AML samples that had been cryopreserved in the CALGB Leukemia Bank after Ficoll enrichment (the CALGB set). All samples were from pretreatment bone marrow obtained from patients older than 18 years with de novo AML. All had two or fewer cytogenetic abnormalities, and all had at least 30% blasts (or promyelocytes, in the case of M3 AML). We amplified and resequenced exons 8, 14, and 20 from the FLT3 gene. Four samples had the D342N change in exon 8. Twenty-six of 94 (28%) samples contained either FLT3 ITD and͞or D835Y (Fig. 1B) ; 23 of the mutations were ITDs in exon 14, and 4 were D835Y mutations. One patient had both mutations. All of the mutations were apparently heterozygous. Seven of 23 patients with M0͞M1, 5 of 23 patients with M2, 7 of 23 patients with M3, and 7 of 25 patients with M4 AML had activating mutations of FLT3. The mean blast count in samples with the FLT3 mutation was 73 Ϯ 16%, vs. 68 Ϯ 17% without the FLT3 mutation, which is not statistically significant (P ϭ 0.21). The frequency of FLT3 mutations in samples with 30-49% blasts (3 of 14, 21%) was not different from the frequency of FLT3 mutations in samples containing 50-96% blasts (23 of 78, 29%, P ϭ 0.64; blast counts were not available for two samples).
Defining Sequence Changes in 11
Other AML-Associated Genes. After defining the utility of the exonic resequencing strategy with FLT3, we rapidly resequenced all of the exons of 11 other genes that could potentially be relevant for the pathogenesis of AML ‡ (6, 11, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) , by using the pilot-set samples. Priority 1 changes are summarized in Fig. 1 A; all exons containing these changes were also resequenced in at least 48 control samples. A change predicting M541L in the c-KIT gene was detected in four AML samples and eight controls. One AML sample contained a priority 1 change in c-MYC that predicted N11S; this change was also present in 5 of 54 controls. Because these two changes also occurred in the control samples, they may either represent functionally inconsequential polymorphisms, or they may be germ-line changes that predispose to cancer susceptibility (because our control population patients had all developed solid tumors).
Several additional changes only occurred in AML samples and could therefore be relevant for disease pathogenesis (although the power to make this prediction is small without germ-line DNA from the same patients). A change in c-MYC (Y32H) was detected in one AML sample, and a second c-MYC change (V170I) was detected in three samples. A previously described change (11) that predicts G13R in exon 2 of NRAS was detected in one AML sample. Changes that predict R307C in the PML gene and T43S in the RARA gene were detected in one M2 patient each. No priority 1 changes were found in the genes encoding CBFB, AML-1͞RUNX1, CEBPA, HRAS, KRAS, or SPI1͞PU.1.
The exons containing priority 1 changes were then resequenced in most of the CALGB samples (Fig. 1B) . c-KIT M541L was present in 4 of 92 samples. c-MYC N11S was present in 4 of 82, Y32H in 0 of 94, and V170I in 1 of 77 CALGB samples. NRAS G13R was not detected in the CALGB set, but two other previously described NRAS mutations [G12D (3 of 84) and G13D (1 of 83) were detected (25) ]. The PML R307C mutation was detected in 1 of 91 samples, but RARA T43S was not detected. All of the exons of the PU.1 gene were also resequenced in the CALGB set, but no priority 1 changes were identified.
Assessing Somatic vs. Germ-Line Sequence Changes. Direct evaluation of the sequence traces suggested that many of these changes were acquired (i.e., somatic). When two bases are present at a given position, and the polymorphic signal is less than that of the reference signal (except in the case of A residues, which are always favored with our sequencing chemistry), it is highly likely that the base change is present in only a fraction of the total cells, which means that it must be acquired. For example, the c-MYC V170I variant signal was less than that of the reference signal in 2 of 3 pilot-set samples (and it was not detected in controls) strongly suggesting that it was acquired (Fig. 2D) ; the mutant signal in one of these samples (patient 2263) was similar to the mutant signal for the FLT3 D835Y mutation that occurred in the same patient (Fig. 2 A) . Likewise, the NRAS G13R and PML R307C signals were less than that of wild type in the same position, and were not found in control samples (Fig. 2D) . All other base changes described in Fig. 1 A yielded variant signals that were equivalent to that of wild type, suggesting that they were either germline changes, or if acquired, they were present in virtually all cells in the sample.
Frequency of Sequence Changes in Control vs. AML Genomes. Of the 46 AML samples from the pilot set, 30 had one or more priority 1 change. Five of the M3 samples had one priority 1 change and also t(15;17), a change that is relevant for the initiation of AML M3 (29) . One 69-year-old patient with de novo M2 AML had four priority 1 changes (FLT3 ITD and D835Y, RAR〈 T43S, and c-MYC V170I) and a possible deletion of one allele of CBFB (three polymorphisms in this gene were apparently homozygous, suggesting that either one allele was deleted, or that the patient was homozygous for a rare haplotype). The overall frequency of sequence changes in this sample was 0.69 per kb (see below). Another 63-year-old M2 patient in first relapse had FLT3 ITD, FLT3 D324N, and the PML R307C change. The overall frequency of changes in this patient was 0.36 per kb, which was less than the average for the AML patients (0.47 per kb). The significance of the described changes for AML pathogenesis will require validation with additional sequencing studies, and in experimental model systems.
We resequenced a total of 3,675,997 base pairs of DNA from the pilot-set AML samples and 2,598,122 base pairs of DNA from the controls (for some genes, we resequenced control exons only when priority 1 changes were identified in the AML set). An average of 79,913 base pairs of sequence data were obtained for each pilot-set AML sample, and 50,961 base pairs for each control sample. From these data, we were able to define overall frequencies of sequence differences from the NCBI human reference sequence. The pilot AML set contained 1,762 differences from the reference sequence; 30 of these (1.70%) were priority 1 changes. The control group had 1,115 total differences, of which 13 (1.17%) were priority 1. The overall base change frequency was 0.47 change per kb for the AML group, and 0.42 for the controls; this difference is statistically significant (P ϭ 0.0041 with 2 analysis) because of the large amount of sequence data obtained; the biologic significance of this small numerical difference is unclear. The frequencies of sequence differences (displayed as Changes͞Kb) are distributed in a normal fashion for both sets (Fig. 3A) . The frequencies of sequence changes for each sample are rank ordered in Fig. 3B . M2 and M3 samples were scattered throughout the controls and there were no striking outliers in either group. Finally, we plotted the frequency of sequence changes by gene (Fig. 3C) . For three genes (HRAS, FLT3, and c-KIT), the frequency was significantly higher in the AML pilot set, but for two others (c-MYC and AML-1͞RUNX1), the frequency was higher in the control set. When the changes in all 12 genes were compared, there was no difference between the pilot AML set and control set (P ϭ 0.5781, through a paired t test analysis).
Discussion
Our results from this study suggest the feasibility and plausibility of large-scale mutational screens of primary cancer cell genomes with an exon-based DNA sequencing approach, which is well suited to high-throughput technologies. One important concern that has been expressed about this approach is that the genomic instability of cancer cells would create a high background of unimportant genetic changes (passenger mutations) that could make the analysis of mutational relevancy a virtually impossible task (1) . However, by creating the resequencing templates from the genomes of large numbers of primary tumor cells through PCR, random mutations occurring in individual cells do not appear to obscure the analysis. In fact, the design of this strategy favors the detection of mutations that are biologically relevant because they confer proliferation and͞or survival advantages to the dominant clone(s) in these primary samples. A better understanding of the relevancy of tumor cell sequence changes will be facilitated in future studies by having matched germ-line samples available for all tumor samples (3) so that all changes can immediately be assigned as germ line vs. acquired. To address this issue, we are now prospectively banking our AML samples with matched germ-line DNA samples obtained from skin biopsies obtained at the time of bone marrow aspiration.
We chose the 12 genes used in this study based on previous information that had implicated all of these genes in the pathogenesis of cancer and͞or AML. A variety of genes were chosen from several classes, including that of receptor tyrosine kinases (i.e., FLT3 and c-KIT), targets of MAP kinases (NRAS, HRAS, and KRAS), transcription factors (c-MYC, SPI1͞PU.1, and CEBPA), and genes involved in AML-associated translocations (CBFB, AML1͞RUNX1, PML, and RARA). Our studies with FLT3 verified the high frequency of acquired mutations in this gene in AML (6-13), thus validating the sensitivity of the PCR͞resequencing approach for mutational detection in nonpurified bone marrow samples with Ͼ30% blasts. Mutations in c-MYC, c-KIT, PML, and RARA were also identified, but their relevance for AML pathogenesis awaits functional studies of the mutant forms of these genes.
NRAS mutations were found in one sample in the pilot set and in four CALGB samples. Therefore, 5 of 125 sequenced AML samples (4%) had previously described activating mutations of NRAS. This result is lower than the 13% frequency of NRAS mutations detected in other studies of AML (P ϭ 0.0031, Fisher's exact test; refs. 6, 11, and 25). The difference is unlikely to reflect mutations that were missed due to contaminating cells because we were able to detect NRAS mutations in samples with blast counts ranging from 40% to 64%, which is clearly adequate for the detection of FLT3 mutations. The frequency difference may be due to the exclusion of M3 samples in other studies, which accounted for only 9 of 414 samples evaluated. M3 samples in our study accounted for 34 of 125 samples (P Ͻ 0.0001, Fisher's exact test). No mutations in PU.1 (0 of 140) or AML1 (0 of 46) were found in our sample sets, which is not significantly different from other reports for PU.1 (7 of 263, 2.6%) or AML1 (17 of 232, 7.3%) (P Ͼ 0.05 for both; refs. 26, 27, 31, 36, and 37). These reported frequencies fall to 0% for PU.1 and 4.2% for AML1 if only M2 and M3 samples are considered (26, 27, 31, 36, 37) . Similarly, 0 of 46 pilot set samples contained mutations in CEBPA, which previously had been reported to have a mutation frequency of 7.4% (16 of 215; refs, 20 and 28), not statistically different from 0 of 46 (P Ͼ 0.05). Therefore, the apparently low frequencies of mutations for these three genes are most likely accounted for by sample selection or small sample numbers, rather than a low sensitivity of the PCR-based sequencing strategy used in this study.
The current PCR-based approach to template generation efficiently utilizes the limited supply of DNA available from tumor samples. In our experience, bone marrow samples from patients with overt AML yield an average of 1-10 ϫ 10 7 cells for banking. Because 10 6 AML cells yield Ϸ4 g of genomic DNA in our experience, most banked samples yield 40-400 g of total DNA. Because 5 ng of DNA is used to generate an amplicon, 8,000-80,000 exonic amplicons can be generated per sample (representing 800-8,000 genes, assuming 10 exons per gene). Multiplexing of PCR amplicons can potentially extend this yield up to 5-fold. Typical samples of banked AML bone marrow cells will therefore yield adequate DNA to resequence hundreds to thousands of genes with the approaches described here.
These data create a plausibility structure for using sequencing and robotic technologies pioneered by large genome sequencing centers for the mutational profiling of complex genetic diseases like cancer. Although this approach will not identify all of the genetic and epigenetic changes that may be relevant for cancer pathogenesis (e.g., translocations, large deletions, mutations in distant regulatory regions, methylation alterations, etc.), it will provide a wealth of information regarding the structure and sequence of cancer cell genomes. By coupling sequence-based mutational profiling with high-resolution comparative genomic hybridization and RNA profiling, many genetic changes relevant More changes were noted in the AML set for HRAS, FLT3, and c-KIT, whereas more were in the control set for c-MYC and AML-1͞RUNX1 (P Ͻ 0.01). The other genes had insignificant differences between the sets. When all genes were compared there was no significant difference between the AML set and the control set.
for cancer susceptibility, initiation, progression, and relapse͞ resistance will surely be discovered, and new targets for therapy should soon follow.
